Introduction {#Sec1}
============

Lung cancer is the leading cause of cancer-related death worldwide, with an incidence around 19.4% of the total (1.2 million new cases per year). Histologically, we can differentiate two types: small-cell lung cancer and non-small cell lung cancer (NSCLC), being the latest the most common, counting for the 80--85% of the cases^[@CR1],[@CR2]^.

Approximately one-third of patients with NSCLC are diagnosed with locally advanced (stage III) disease. Currently, the therapeutic strategy for these patients is the neo-adjuvant multimodal treatment, since local therapy alone (surgery or radiation) leads to poor overall survival because most of the patients die of distant metastases^[@CR3],[@CR4]^. Thus, preoperative induction chemotherapy is key, because it can early eradicate distant micro-metastases and the down-staging increases the number of patients whose tumors are considered resectable, which contributes to improve survival^[@CR5]^. After chemotherapy, surgery is potentially curative for these patients, being offered to the vast majority of patients with resectable N2 and to some patients with N3 node involvement (TNM staging system).

Sadly, conventional treatment of NSCLC has apparently reached a plateau of effectiveness in improving survival of patients, and treatment outcomes must still be considered disappointing^[@CR6]^. Over the last few years, based on genetic alterations present in the tumor, new targeted therapies focused on the inhibition of key pathways for tumor proliferation have started to appear. However, these therapies do not cover most patients and have not yet reached the clinical routine for stage III patients. Thus, a need for new effective chemotherapy regimens that can be combined with local therapies (surgery and/or radiation) is still open^[@CR1],[@CR2],[@CR7]^. In this sense, there is a considerable interest in identifying novel targeted agents that interfere with other hallmarks of NSCLC, such as tumor metabolism, which has recently aroused great interest.

The Warburg effect describes the preference of tumor tissues to obtain energy through glycolysis regardless of oxygen availability^[@CR8]^. This predilection of glycolysis over the complete oxidation of nutrients via oxidative phosphorylation (OXPHOS) in the presence of oxygen (such as that performed by differentiated tissues), has to do with the facilitation to incorporate nutrients into biosynthetic pathways that support a rapid cell proliferation^[@CR9]^.

PGC-1alpha is a transcriptional coactivator responsible for mitochondrial biogenesis. Thus in general terms, high levels of PGC-1alpha are associated with more OXPHOS-dependent metabolism of the cells, whereas low levels are associated with a more glycolytic phenotype^[@CR10]--[@CR12]^. However, despite its importance, the PGC-1alpha role in glucose metabolism reprograming in NSCLC has not been studied^[@CR13],[@CR14]^.

Since the Warburg effect was described, many drugs targeting cancer metabolism have been developed. Unfortunately, there is a current unavailability on cancer drugs in the clinic targeting the tumor metabolism for lung cancer, despite the existence of scientific evidence *in vitro* and *in vivo* of its possible clinical utility^[@CR15],[@CR16]^. In fact, several clinical trials based on this have been done or are currently ongoing, although their clinical benefits have not been as successful as one might expect^[@CR17]^.

Remarkably, at the moment there are no good markers of response, most probably because mechanisms at the molecular level are still not clear. Thus, the characterization of these biomarkers is fundamental in order to identify patients who can benefit more from certain drugs targeting metabolism. This could explain why the clinical trials carried out have not been successful.

Therefore, knowing that the fundamental basis of treatment and possible cure of these patients is the neoadjuvant chemotherapy, we set out to identify the role of glucose metabolism in the stratification of patients at this stage, and in a second phase, to link these molecular findings with the sensitivity to different metabolic treatments.

Results {#Sec2}
=======

Prognostic value of Warburg Effect on stage IIIA NSCLC patients {#Sec3}
---------------------------------------------------------------

To evaluate the importance of Warburg effect on NSCLC patients, we first analyzed the prognostic value of PGC-1alpha and GAPDH/MT-CO1 ratio mRNA levels on Overall-Survival (OS) and Progression Free Survival (PFS). In order to select a group of patients with similar characteristics, we focused on a cohort of 28 stage IIIA NSCLC patients. In this cohort the median PFS and OS were 18 \[95% CI: 10.1--26.1\] and 22.2 \[95% CI: 8.9--35.4\] months respectively.

PGC-1alpha is responsible for mitochondrial biogenesis. On the other hand, the GAPDH/MT-CO1 ratio is indicative of the balance between glycolysis and OXPHOS metabolism. GAPDH (glyceraldehyde phosphate dehydrogenase) is a key enzyme in glycolysis and MT-CO1 is one of the three mitochondrially encoded subunits that form the core of the Complex IV of the OXPHOS system.

Our results reveal a decreased OS for patients with PGC-1alpha low levels, median 15,4 months \[95% CI: 7--23 months\], compared to high levels patients with an OS superior to 24 months (Fig. [1A](#Fig1){ref-type="fig"}).Figure 1Warburg Effect on NSCLC patients. Overall-survival and Progression-Free Survival of NSCLC patients according to (**A** and **C**) PGC-1alpha or (**B** and **D**) GAPDH/MT-CO1 ratio mRNA levels. Low and High PGC-1alpha levels were defined by the median value of the population (14 patients in each group). Low and medium-High GAPDH/MT-CO1 ratio levels were defined by the tertiles (8 and 18 patients respectively). Note that a more glycolytic metabolism (Low PGC 1-alpha or medium-high GAPDH/MT-CO1 ratio) implies a worse prognosis. (**E**) PGC-1alpha mRNA levels inversely correlates to GAPDH/MT-CO1 ratio levels. (**F**) SUVmax levels in NSCLC patients in Low or Medium-High GAPDH/MT-CO1 groups. Relationship between tumor metabolism and the number of mitosis: **(G)** PGC-1alpha levels correlate inversely while (**H**) GAPDH/MT-CO1 ratio correlates directly with the number of mitosis. \*P ≤ 0.05 was considered statistically significant.

With respect to the GAPDH/MT-CO1 ratio, the patients were grouped into tertiles, grouping the medium and high levels in the same category since they behaved similarly compared to the low tertile. The median OS for low levels was higher than 24 months while for medium or high levels were 22.2 and 17.9 respectively (data not shown). Opposed to PGC-1alpha, low levels of the GAPDH/MT-CO1 ratio are indicative of a higher OS compared to the medium-high expression group: low ratio OS \>24 months versus medium-high ratio 19.4 months \[95% CI: 11.3--27.4 months\] (Fig. [1B](#Fig1){ref-type="fig"}).

Although studies on PFS were not statistically significant, a clear difference was observed in the same sense as for OS, being high PGC-1alpha levels and low GAPDH/MT-CO1 ratio good prognostic factors. Comparing the PFS medians for both markers these differences are clearer: low PGC-1alpha 8,5 months \[95% CI: 6.7--10.2\] vs high PGC-1alpha 22 months \[95% CI: 15.6--28.4\], and medium-high GAPDH/MT-CO1 ratio 11,9 months \[95% CI: 7.4--16.3\] vs low GAPDH/MT-CO1 ratio 22 months. These obvious differences in median PFS are lost with the disease course, as the disease progresses in all patients (Fig. [1C--D](#Fig1){ref-type="fig"}).

These results clearly indicate that a more glycolytic metabolism (low PGC-1alpha or medium-high GAPDH/MT-CO1 ratio) confers a worse prognosis in both PFS and OS. Furthermore, the expression levels of both variables correlate inversely with a negative correlation index of 61% (Fig. [1E](#Fig1){ref-type="fig"}).

On the other hand, from the diagnostic positron-emission tomography (PET) images of the patients, the maximum standardized uptake value (SUVmax) levels of the tumor lesions were calculated. Due to the low number of PET images, the cohort was expanded to include other stages, thus obtaining a total of 22 patients with SUVmax information. The results show an increase in SUVmax levels in patients with medium-high levels of GAPDH/MT-CO1 (Fig. [1F](#Fig1){ref-type="fig"}).

Finally, to directly assess the role of the Warburg effect on the proliferative capacity of tumor cells, we analyzed the number of mitosis in hematoxylin-eosin tumor sections and correlated them with the expression levels of PGC-1alpha and GAPDH/MT-CO1 ratio as metabolism biomarkers. These data demonstrate an inverse correlation of the number of mitosis with PGC-1alpha levels (correlation of 61%) and a direct correlation with GAPDH/MT-CO1 ratio levels (correlation of 45%) (Fig. [1G--H](#Fig1){ref-type="fig"}).

Warburg effect on NSCLC cell lines {#Sec4}
----------------------------------

To understand the molecular role of the Warburg effect in NSCLC, we decided to move on to an in vitro model using established cell lines. Three cell lines (A549, H1299, H460) from different origins and with different mutational profiles were chosen (Fig. [2A](#Fig2){ref-type="fig"}). The A549ρ^0^ cell line, derived from the A549 cell line, lacks the mitochondrial DNA (mtDNA) and serves as negative control of the OXPHOS function.Figure 2NSCLC cell lines. (**A**) Tumor source of the cell lines used in the study and their mutational status for TP53, KRAS, NRAS, PIK3CA and LKB1. (**B**) Clonogenicity assay, number of clones generated per 1000 cells seeded in DMEM after 14 days. (**C**) Wound healing assay. (**D**) Glucose (4,5 g/L) and (**E**) Galactose (0,9 g/L) growth curves for the cell lines. Note that the A549ρ^0^ are unable to growth in galactose media. (**F**) Growth rates (number of doublings per 24 hour) in glucose or galactose DMEM **(G)** Galactose to glucose growth rate ratios indicate the type of metabolism. In all cases, graphs represent the mean of three independent experiments and error bars indicate the standard deviation. ANOVA followed by Bonferroni post-test for multiple comparisons were used to analyze the differences in clonogenicity, migration, and galactose to glucose growth ratios. \*P ≤ 0.05 was considered statistically significant.

First, we set out to determine whether these cell lines have different aggressiveness as a consequence of their different origins: A549 primary tumor, H1299 lymph node metastasis and H460 pleural effusion. For that we characterized their migration capacity through wound healing assays and their clonogenicity. Our results showed an increased clonogenicity for H1299 and H460 cell lines compared to A549 cell line (Fig. [2B](#Fig2){ref-type="fig"}). Moreover, consistent with their origin, H1299 and H460 cells also showed higher motility than A549 cells. Additionally, H1299 cell line exhibited higher wound healing ability than H460 cell line (Fig. [2C](#Fig2){ref-type="fig"}).

Next, as a first approach to define their glucose metabolism, namely more glycolytic- or OXPHOS-orientated, we compared the cells abilities to grow in the presence of either glucose (Glc) or galactose (Gal) as carbon source (Fig. [2D--G](#Fig2){ref-type="fig"}). Our results showed significant differences in the Gal/Glc index among the three cell lines; having the A549 cells the highest Gal/Glc index, followed by H1299 cells and H460 consequently. Furthermore, as expected, the A549ρ^0^ line (without OXPHOS function) is unable to grow with galactose as sugar.

Then, to study further in-depth their metabolism and to verify that they behave in a similar way to the patients (more glycolysis, more aggressiveness), we analyzed different parameters such as oxygen consumption, reactive oxygen species (ROS) levels, glucose consumption and PGC-1alpha and GAPDH/MT-CO1 ratio levels.

Consistent with previous findings, the oxygen consumption rate showed a similar behavior to the Gal/Glc ratio, with significant differences between the H460 and A549 or H1299 cell lines. Despite the decrease in oxygen consumption of H1299 cells compared to the A549 cells, this difference does not become statistically significant (Fig. [3A](#Fig3){ref-type="fig"}).Figure 3Warburg Effect on NSCLC cell lines. (**A**) Oxygen consumption of 4 × 10^6^ cells was recorded for 30 minutes using a Clark-type O~2~ electrode. (**B**) Total ROS levels were measured by flow cytometry with the fluorescent probe H~2~DCFDA. (**C**) Glucose consumption was evaluated with the 2-NBDG fluorescent probe by flow cytometry. (**D**) PGC-1alpha and GAPDH/MT-CO1 mRNA levels in the cell lines was evaluated by qRT-PCR using Taqman® gene expression assays. Graphs represent the mean of at least three independent experiments and error bars indicate the standard deviation. ANOVA followed by Bonferroni post-test for multiple comparisons were used to analyze the differences in the parameters. \*P ≤ 0.05 was considered statistically significant. A549ρ^0^ were excluded from the statistical analyses to facilitate the graph interpretation.

ROS levels are associated with defects in the OXPHOS function and with a higher degree of tumor progression. Our results indicate that H1299 has the highest ROS levels among the cell lines, followed by H460 cells which have higher ROS levels than A549 cells (Fig. [3B](#Fig3){ref-type="fig"}).

Glucose consumption was assessed with the 2-NBDG fluorescent probe, similar to the fluorodeoxyglucose (FDG) used in patient's PET images. We observed a significant increase in glucose consumption for the H1299 and H460 cell lines with a more glycolytic profile, although no differences were observed between them (Fig. [3C](#Fig3){ref-type="fig"}).

Finally, PGC-1alpha and GAPDH/MT-CO1 levels were evaluated (Fig. [3D](#Fig3){ref-type="fig"}). A549 cells presented the highest PGC-1alpha levels, followed in second place by the H460 cells. H1299 cells showed lower levels of PGC-1alpha than A549 or H460 cells. On the contrary, GAPDH/MT-CO1 is expressed inversely to PGC-1alpha in the cell lines; GAPDH/MT-CO1 ratio level was lower in A549 than in H460 and H1299 cell lines, although no significant differences were observed between these two cell lines.

Targeting of Warburg effect on NSCLC cell lines {#Sec5}
-----------------------------------------------

Once the cell lines were metabolically characterized and verified that the relationships between metabolism and aggressiveness parameters were similar to those found in patients, we aimed, as a proof of concept, to test their sensitivities to two drugs (2-deoxy-glucose and metformin) targeting different types of metabolism.

It has been reported that metformin acts as an inhibitor of Complex I of the OXPHOS system. To check the effect of metformin on the OXPHOS function, we treated all cell lines with 1 mM or 10 mM metformin for 24 hours (Fig. [4A](#Fig4){ref-type="fig"}).Figure 4Targeting of Warburg effect on NSCLC cell lines. (**A**) Metformin treatment reduces the mitochondrial inner membrane potential (MIMP). Note that the MIMP of A549ρ^0^ cells is not modified by metformin treatment (**B**) Metformin sensitivity among cell lines correlates to OXPHOS dependence. (**C**) 2-deoxy-glucose sensitivity among cell lines correlates to glycolysis dependence. 2-tailed Student's t test was used to analyze differences in MIMP and cell viability after metformin treatment for all the cell lines. \*P ≤ 0.05 was considered statistically significant.

Our results showed a significant decrease in mitochondrial inner membrane potential (MIMP) for all cell lines dependent on the concentration of metformin present. The only cell line that did not present this effect was the A549ρ^0^, whose MIMP remained constant with the treatments.

Then, we evaluated the sensitivity of the cell lines at low doses of metformin (0.1 and 1 mM), showing a decrease in the number of viable cells for A549 cell line for both doses in a concentration dependent way. On the contrary, it appears that cell lines H1299, H460 and A549ρ^0^ are not sensitive to the effect of metformin at low doses since there are no significant differences compared to untreated cells. Consistent with this result, the clonogenicity assays showed greater metformin sensitivity for A549 than for H1299 and H460 cell lines, which exhibited reduced metformin sensitivity (Fig. [4B](#Fig4){ref-type="fig"}).

On the other hand, we evaluated the sensitivity of the cell lines to 2-deoxy-glucose treatment. 2-deoxy-glucose is an analogous derivative of glucose that is not capable of being metabolized by hexokinase, thus blocking glycolysis. Sensitivity to 2-deoxy-glucose exhibits an opposite behavior to metformin sensitivity. The A549ρ^0^ cell line is extremely sensitive (there are no viable cells after treatment), followed by H1299 and H460 cell lines which reduce their viability to approximately 50%. Finally, the A549 cell line is the least sensitive, reducing its viability only 20% compared to untreated cells. In the same way, the number of colonies after 2-deoxy-glucose exposure is lower for H1299 and H460 compared to A549 cells (Fig. [4C](#Fig4){ref-type="fig"}).

Discussion {#Sec6}
==========

The role of tumor metabolism has acquired relevance in recent years as one of the hallmarks of cancer. Despite this, there are no therapies in the clinical routine based on the targeting of this altered metabolism. However, there are currently ongoing clinical trials with different drugs targeting metabolism. In any case, there are no predictive markers of response to these type of therapies, which compromises the success of many drugs to improve the standard of care due to the inter-individual metabolic heterogeneity of tumors. In our study, we combined both patients and *in vitro* analysis and proposed some treatment response markers to metabolism targeted therapies, based on tumor glucose utilization phenotype and not on mutational profile of key driver genes. Interestingly, our data suggest a potential association between PGC-1alpha mRNA levels and metabolic phenotype in patients' tumor biopsies.

Our data in patients show that there is a great heterogeneity between tumors of different individuals, having very glycolytic tumors (High SUVmax, High GAPDH/MT-CO1 ratio, Low PGC-1alpha) and tumors with an energetic profile more based on their OXPHOS system (Low SUVmax, low GAPDH/MT-CO1 ratio, High PGC-1alpha levels). In addition, our results confirm that the Warburg effect has a clinical relevance in NSCLC, both in PFS and OS. The majority of the studies in stage IIIA, even with the heterogeneity of these patients, show a PFS and OS in the order of months, which vary in function of diverse prognostic factors. In our cohort of patients the median OS was 22 months similar to other stage IIIA patient cohorts^[@CR18]^. In our study, patients with high levels of PGC-1alpha or low GAPDH/MT-CO1 ratio had a median OS higher than 24 months, compared to those with low PGC-1alpha expression or high GAPDH/MT-CO1 ratio, who had a median OS of 15.4 or 19.4 months respectively. In a similar way, patients with high PGC-1alpha or low GAPDH/MT-CO1 ratio had a median PFS of 22 months versus those with low PGC-1alpha expression or high expression of GAPDH/MT-CO1 ratio who had median PFS of 8.5 or 11.9 months respectively.

Thereby, our results demonstrate that the glycolytic phenotype correlates with a worse prognosis in both PFS and OS in stage IIIA NSCLC patients. Similar conclusions for stage I NSCLC patients were obtained from the proteomic-based bioenergetic cellular index^[@CR19]^. The inverse relationship of PGC-1alpha and GAPDH/MT-CO1 ratio with PFS and OS of patients coincides with the function of these genes related to glucose metabolism and with the Warburg effect. Indeed, both variables correlate inversely, reinforcing this affirmation.

Next, due to the impossibility of directly asses drug response in patients, we performed *in vitro* studies with cellular models to find markers that define sensitivity to drugs directed to glucose metabolism.

Prior to determine their drug sensitivity, we characterized their aggressiveness and biochemical function. Similar to the results in patients, our cell lines with different aggressiveness showed different metabolisms. A549 cell line showed the weakest malignant phenotype, with low clonogenic potential, migration capacity and a growth rate. On the other hand, H1299 and H460 showed higher aggressiveness than A549 cell line for most of the analyzed parameters. Regarding to metabolism characterization, A549 cell line showed a more OXPHOS metabolism, with higher Gal/Glc index, greater oxygen consumption, lower glucose consumption, elevated levels of PGC-1alpha and lower levels of GAPDH/MT-CO1, whereas the tumor cell lines H1299 and H460 turned out to be more glycolytic, with lower Gal/Glc index, lower oxygen consumption, greater consumption of glucose, reduced levels of PGC-1alpha and elevated GAPDH/MT-CO1 ratio. Nevertheless, there are differences between H1299 and H460 cell lines for some of these parameters although not enough clear to observe a pattern, which make it impossible to conclude differences between these two cell lines. However, the relationship between higher glycolysis with increased malignancy described in our cell lines is similar to other tumor types^[@CR20]^.

Finally, we measured cell lines' sensitivity to metformin and 2-deoxy-glucose. We propose that metformin affects the cells more when they are more OXPHOS-dependent. Recently, it has been described that metformin is an inhibitor of the complex I^[@CR21]^. In our study we demonstrate that this compound reduces the MIMP of cells, most probably as a consequence of Complex I inhibition, since Complex I is mainly responsible for MIMP maintenance. Thus, treatment with metformin does not reduce MIMP in A549ρ^0^ cells, since it is maintained by another mechanism and not through Complex I activity^[@CR22]^. Furthermore, when A549 cell line (the one with higher OXPHOS function and highest metformin sensitivity) lacks the mtDNA and therefore is forced to lose its OXPHOS dependence, is no longer sensitive to metformin. On the other hand, H1299 and H460 cell viability is not severely affected, even though metformin decreases their MIMP. This is probably because their MIMP and the associated OXPHOS function are not so important for their growth, as demonstrated by their biochemical parameters. In contrast, 2-deoxy-glucose, which inhibits hexokinase, and blocks the glycolytic pathway, affects the cell lines that are more glycolysis-dependent, such as H1299, H460 and A549ρ^0^ but does not disturb the more OXPHOS-dependent A549 cell line.

Our study point out, through PGC-1alpha levels, an easy manner of assessing the metabolic phenotype in patients and also suggest a correlation with sensitivity to metabolism targeted drugs. The approach proposed, focused more on the phenotype than on the tumor genotype, avoids the difficult interpretation of complex genomic results, even more for a phenotype that can be regulated by multiple genes, as well as, by epigenetic and microenvironmental factors. Further studies will clarify the relationship of these factors in lung cancer, defining the tumor metabolism in a more comprehensive fashion. This knowledge could have implications for the patients' diagnosis, follow-up and treatment.

Conclusions {#Sec7}
===========

To summarize, our results indicate that exist variability in glucose metabolism pathways in lung cancer patients' tumors and established cell lines. In this respect, PGC-1alpha mRNA levels inversely correlate with GAPDH/MT-CO1 ratio. Interestingly, both markers have a clinical relevance in prognosis (PFS and OS), supporting the relationship between a more glycolytic metabolism with a more aggressive phenotype. Furthermore, the *in vitro* drug-sensitivity in cell lines would suggest that PGC-1alpha and GAPDH/MT-CO1 levels could be used to predict patient response to treatments based on targeting glucose metabolism on lung cancer.

Methods {#Sec8}
=======

Patients {#Sec9}
--------

All the experiments carried out in this study complied with current Spanish and European Union laws and the principles outlined in the Declaration of Helsinki. The study and experimental protocols were approved by the Hospital Universitario Puerta de Hierro Ethics Committee and written informed consent was obtained for all the patients recruited.

A cohort of 28 stage IIIA NSCLC patients was studied. Clinical data from these patients: Overall-survival (OS), Progression-Free survival (PFS), SUVmax levels, etc. as well as molecular data from diagnostic biopsies, were obtained for the analysis.

Unfortunately we were only able to obtain PET images for 8 of these patients. Thus, the cohort was increased for SUVmax correlations, retrieving the SUVmax levels from another 17 patients to a total number of 25 patients with SUVmax data (I = 6, II = 6, IIIA = 8, IIIB = 4 IV = 1).

Mitotic count {#Sec10}
-------------

The number of mitotic figures was evaluated in the hematoxylin-eosin diagnostic slides using high-power field (HPF) at × 400 magnification^[@CR23]^. Per sample, 10 HPF were analyzed by two independent anatomical pathology technicians and the mean was calculated.

Cell Lines {#Sec11}
----------

A549, H1299 and H460 were obtained from the ATCC. A549 ρ^0^ cells were kindly provided by Dr. Rafael Garesse, from UAM (Madrid). All cells were cultured routinely in DMEM, with 10% Fetal Bovine Serum (FBS), penicillin streptomycin (Gibco) and uridine (Sigma). The mutational landscape of TP53, KRAS, NRAS, PIK3CA, LKB1 was retrieved from COSMIC database.

Wound healing assay {#Sec12}
-------------------

Cells were cultured in a 24-well plate until they reached 90% confluence and then scratched with a 200 µL pipette tip. The wounded area was photographed at the start (t = 0 h) and at time point (t = 16 h). Pictures were analyzed using Image J software and the migration rate was calculated as the distance recovered by the migration front per time unit (µm/h). Assays were performed in at least 3 independent experiments.

Expression analysis {#Sec13}
-------------------

The RNA from cells was extracted using the "RNeasy mini Kit with DNAse" (Qiagen). The RNA extraction from FFPET biopsies was performed using the "High Pure FFPET RNA isolation Kit" (Roche). cDNA was synthetized using the "NZY First-Strand cDNA Synthesis Kit" (NZYtech).

mRNA expression was evaluated by qRT-PCR using the following Taqman® gene expression assays: PGC-1alpha(Hs01016719_m1), GAPDH (Hs02758991_g1), MT-CO1 (Hs02596864_g1). TBP (Hs00427621_m1) was used as endogenous control^[@CR24]^.

Glucose and galactose growth curves {#Sec14}
-----------------------------------

Cell growth was evaluated after seeding 6 well plates at a density of 25,000 cells/well and growing the cells for 4 days in DMEM containing either 4.5 g/L glucose (Glc) or 0.9 g/L galactose (Gal). The cells were harvested and counted every 24 hours. Population doubling times were calculated using *Doubling Time Software v1*.0.10 (<http://www.doubling-time.com>). Assays were performed by duplicate in at least 3 independent experiments.

Metformin sensitivity assays {#Sec15}
----------------------------

3 × 10^3^ cells per well of a 96-well plate were cultured in DMEM overnight. The next morning the medium was replaced for DMEM containing the different metformin treatments according to figure legends and incubated for 48 hours. Cell viability was assayed using the Cell Counting Kit-8 (CCK-8) (Dojindo EU GmbH, Munich, Germany) according to the manufacturer's protocol. Metformin (Sigma) was diluted to 1 M stock, aliquoted and frozen until its use. Assays were performed by duplicate in at least 3 independent experiments.

2-deoxy-Glucose sensitivity assays {#Sec16}
----------------------------------

6 × 10^3^ cells per well of a 96-well plate were cultured in DMEM overnight. The next morning the medium was replaced for a solution (156 mM NaCl, 3 mM KCl, 2 mM MgSO~4~, 1.25 mM KH~2~PO~4~, 2 mM CaCl~2~, 20 mM HEPES, and 5 mM pyruvate pH 7.35) containing 5 mM 2-deoxy-D-glucose or 10 mM glucose^[@CR25]^. After 6 hours of incubation the percentage of viable cells in 2-d-G relative to glucose was evaluated using the Cell Counting Kit-8 (CCK-8) (Dojindo EU GmbH, Munich, Germany) according to the manufacturer's protocol. Assays were performed by duplicate in at least 3 independent experiments.

Clonogenicity assays {#Sec17}
--------------------

50.000 cells per well were seeded on 6-well plates. The next day medium was replaced for DMEM containing the different metformin or 2-d-G treatments. After 72 h incubation cells were trypsinized and 1,000 single viable cells were plated in 100-mm Petri dishes. The cells were then grown for 14 days and the number of colonies counted using 2% crystal violet. Assays were performed in at least 3 independent experiments.

Oxygen consumption {#Sec18}
------------------

The basal respiration of 4 × 10^6^ intact cells was measured at 37 °C using a Clark-type oxygen electrode (Hansatech Instruments) as described^[@CR26]^. The mean of at least three independent experiments is shown.

Flow cytometry {#Sec19}
--------------

Cytoplasmic ROS were assessed using 2′,7′-dichlorodihydrofluorescein diacetate (H~2~DCFDA, Invitrogen). The mitochondrial inner membrane potential (MIMP) was evaluated using tetramethylrhodamine ester (TMRE, Invitrogen). Glucose consumption was evaluated using 2-NBDG (Molecular Probes). 2-NBDG is a derivative of glucose modified with a fluorescent amino group at the C-2 position. The C-2 position is the same position that the ^18^F atom is bound to in FDG. The 2-NBDG is uptaken into the cells and then decomposed into non-fluorescent forms^[@CR27]^.

For these assays, 0.75 × 10^5^ cells were grown. After addition of the fluorophores (30 µM H~2~DCFDA, 100 nM TMRE, 100 µM 2-NBDG) and incubation at 37 °C for 30 min in the dark, cells were collected in DMEM and analyzed immediately with a MACSQuant® (Miltenyi-Biotec) flow cytometer. Forward and side scatter were used to gate the viable population of cells, and the mean fluorescence intensity was determined with FLOWJO software (TreeStar). Assays were performed by duplicate in at least 3 independent experiments.

Statistics {#Sec20}
----------

All the statistics were carried out using the SPSS software version 15.0. The relationship between the cumulative probability of OS, PFS and analyzed predictors, was calculated with the Kaplan-Meier method. The population was divided based on the median or tercile. The medium and high terciles for GAPDH/MTCO1 ratio were grouped since they behaved in a similar way.

Bivariate correlations studies between PGC-1alpha, GAPDH/MT-CO1, and mitosis number in patient studies were analyzed using the Pearson correlation test. Differences in SUVmax levels between GAPDH/MT-CO1 ratio groups were evaluated using ANOVA.

ANOVA followed by Bonferroni post-test for multiple comparisons were used to analyze the differences in clonogenicity, migration, galactose to glucose growth ratios, oxygen consumption, ROS levels, glucose consumption and PGC-1alpha or GAPDH/MT-CO1 ratio mRNA levels among the cell lines. 2-tailed Student's t test was used to analyze differences in MIMP, cell viability and clonogenicity after metformin treatment. In all cases, values of P \< 0.05 were considered statistically significant.

Data Availability {#Sec21}
-----------------

The datasets generated during the current study are available from the corresponding author on reasonable request.
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